Thermodynamic formulations have been devised to obtain ⌬G°v alues directly from spectroscopic data at a fixed common temperature in nucleic acid duplex-simplex melting curves. In addition, the dependence of melting on salt concentration has been expressed in terms of a stepwise stoichiometric representation, which leads to a specific equation for the partition of the added sodium ions between the different oligonucleotide forms. G enerally the free energy of melting of an oligonucleotide duplex, D, into its constituent complementary single strands, S 1 and S 2 , is obtained from the temperature at the midpoint of the melting curve, T m . To compare the ⌬G°s of a series of duplexes of varying composition, one obtains the respective T m values and adjusts them to a common temperature using data for the ⌬HЊ of the transition.
Thermodynamic formulations have been devised to obtain ⌬G°v alues directly from spectroscopic data at a fixed common temperature in nucleic acid duplex-simplex melting curves. In addition, the dependence of melting on salt concentration has been expressed in terms of a stepwise stoichiometric representation, which leads to a specific equation for the partition of the added sodium ions between the different oligonucleotide forms.
G
enerally the free energy of melting of an oligonucleotide duplex, D, into its constituent complementary single strands, S 1 and S 2 , is obtained from the temperature at the midpoint of the melting curve, T m . To compare the ⌬G°s of a series of duplexes of varying composition, one obtains the respective T m values and adjusts them to a common temperature using data for the ⌬HЊ of the transition.
It is also possible to obtain ⌬GЊ for a series of duplexes from absorbance data at only one fixed common temperature in the melting curves. We have explored this alternative mode of treatment with a set of duplexes having oligonucleotide lengths of 10 bp.
Melting curves of duplex DNA are very sensitive to salt concentration. The dependence of T m and of ⌬GЊ on Na where is the net number of sodium ions preferentially taken up by the duplex D. Eq. 1 is a very abridged formulation. For thermodynamic analysis, a fuller description is essential, which explicitly maintains conservation of mass of each species and takes into account binding of Na ϩ to the single-stranded oligonucleotides S 1 and S 2 ,
where ϭ C Ϫ (A ϩ B). One can then write an equation for the concentration's quotient at equilibrium,
From Eq. 3, the following equation can be derived (1) ,
where R is the ideal gas constant and ⌬HЊ is the standard enthalpy for the formation of the duplex. Eq. 4 has been widely used in the analysis of the effect of Na ϩ concentration on T m . In practice, the value of is obtained by fitting a plot of 1͞T m vs. ln[Na ϩ ] to a straight line, and it is implicitly assumed that ⌬HЊ does not vary with temperature or sodium ion concentration. This situation is analogous to that encountered in very early studies of the uptake of O 2 by Hb (2),
where a relation analogous to Eq. 3 was proposed by A. V. Hill (3),
The Hill equation,
where Y is the percent saturation of Hb with oxygen, follows directly from Eq. We have formulated a detailed stoichiometric description of the uptake of Na ϩ by oligonucleotides. This leads to a specific equation for the partition of sodium ions between the duplex (doublestranded) and simplex (single-stranded) forms, which displays the dependence of partitioning on the Na ϩ concentration. . Absorbance values at 268 nm, A 268 , were measured every 0.1°C in the temperature range of 10-95°C. Both heating (denaturation) and cooling (renaturation) transition curves were recorded at a constant rate of temperature change of 24.9 Ϯ 0.3°C͞hr. Temperatures were collected from the internal probe located inside of the Peltier holder. From three to eight melting curves were collected for each DNA duplex oligomer in different cuvettes and different positions inside of the Peltier holder to minimize systematic errors. Melting profiles of buffers alone were subtracted from the raw absorbance vs. temperature curves of DNA samples. † The upper-and lower-sloping baselines were determined from the graph of absorbance vs. temperature and subtracted to calculate the fraction of broken base pairs, . Melting profiles were smoothed by a digital filter, and transition (melting) temperatures were determined as temperatures at midpoints of the transitions where ϭ 0.5. Melting temperatures were reproducible within 0.3°C.
Calculation of the Equilibrium Constant. The equilibrium constant for the simplex-duplex equilibrium,
was calculated from values of observed experimentally with the relationship,
which applies when S 1 and S 2 are at the same concentration.
Results

Direct Evaluation of Free Energy Changes at Fixed Temperature.
Duplex (D) complementary-simplex (S 1 , S 2 ) equilibria of oligonucleotides were followed by measurements of A 268 vs. temperature as described above. ⌬GЊs are generally calculated from T m and the temperature variation of absorbance. It is also possible to obtain ⌬GЊ values directly from the absorbance data at a fixed common temperature in the melting curves. We have explored this alternative mode of treatment with a set of duplexes having oligonucleotide lengths of 10 bp. is graphically displayed as a thick line to emphasize the region of greatest accuracy. Outside this range, the experimental results are less precise and are displayed as thin broken lines; data from these regions were not used in calculations.
In the neighborhood of 312 K, three vertical lines have been drawn. Each line intersects each of the melting curves at a value of between 0.15 and 0.85 and hence provides a common temperature for the calculation of equilibrium constants for formation of the duplex. The left-and rightmost lines mark the lowest and highest common temperature that can provide reliable values of . The inner straight line intersects the full cassette of curves at points most removed from the dotted regions. This line corresponds to the temperature 312.0 K (38.8°C), which we designate the reference temperature (T R ).
Equilibrium constants for the formation of the duplex from its oligonucleotides at a series of Na ϩ concentrations have been calculated from values at the common temperature of 38.8°C by using Eq. 9 and are listed in Table 1 . The corresponding ⌬GЊ values obtained from the general thermodynamic equation
are assembled in the column adjacent to the K s.
Changes of Enthalpy and Entropy at Fixed Temperature. From the data in Fig. 1 , the most convenient way to compute ⌬HЊ is to plot lnK vs. 1͞T, as suggested by the thermodynamic relation For each of the curves in Fig. 1 , a plot of ln K vs. 1͞T (Fig. 2) shows almost no curvature in the neighborhood of 312 K and hence was fitted to a straight line whose slope gave ⌬HЊ. Once values of ⌬HЊ (as a function of temperature) have been established, one calculates the entropy change ⌬S°from ⌬GЊ ϭ ⌬HЊ Ϫ T⌬SЊ.
[12]
For ODN1, ⌬HЊ, ⌬SЊ, and ⌬GЊ were computed from each melting curve in Fig. 1 . These quantities are listed in Table 1 .
The values of ⌬HЊ, ⌬SЊ, and ⌬GЊ for ODN1 at 1 M Na ϩ and 38.8°C, estimated from nearest-neighbor thermodynamic parameters (7), are Ϫ295 kJ͞mol, Ϫ804 J͞(mol⅐K), and Ϫ44.4 kJ͞mol, respectively, and agree well with those observed experimentally under the same conditions. To take into account variation in the number of Na ϩ ions bound to the duplex, the following series of equations is appropriate:
[
13]
The subscript n represents the number of Na ϩ bound by D at saturation with this ion. The experimentally accessible equilibrium constant, K , is extracted from the absorbance measurements in the ultraviolet region. K can be expressed as
[14]
Using the relationships assembled in Eq. 13, we can transform Eq. 14 into
where Z D is the partition function for the Na ϩ ions bound to the duplex D.
After converting Eq. 15 to logarithmic form
we can differentiate with respect to log [Na ϩ ] and obtain 
The right-hand side of this equation is the mean number of Na ϩ bound by the duplex D (9-11), the value of C in Eq. 2. So, we can write
Strictly speaking, Eqs. 13 are incomplete. A full description of the sodium interactions with the duplex-simplex equilibrium should also include explicit equations for the uptake of Na ϩ by each of the single-stranded oligonucleotides S 1 and S 2 , equations analogous to those for D.
Thus for S 1 , we write
19]
Correspondingly for S 2 , the relevant equations are
[20]
The subscripts m and l represent the number of Na ϩ bound by S 1 and S 2 , respectively, at saturation. In place of Eq. 14 for K , we now write
Using the relationship assembled in Eqs. 13, 19, and 20, we transform Eq. 21 into
22]
With straightforward algebraic steps, Eq. 22 can be reduced to
from which it follows that
each Z representing the partition function of the oligonucleotide indicated. Following the steps shown in Eqs. 14-18, one can show that
where A, B, and C are the mean number of ligand Na ϩ bound by the respective oligonucleotide (see Eq. 2). Experimental melting curves reveal only , the net result of the partitioning of Na ϩ between the duplex and separated simplex oligonucleotides, not the individual values of A, B, and C. It should be noted that K of Eqs. 21-25 is the equilibrium constant obtained experimentally from values of by using Eq. 9. Fig. 3 presents the values of log K , calculated from the experimental s in Table 1 as a function of log[Na ϩ ] at a common temperature. It is obvious that the relationship between log K and log[Na ϩ ] is not linear. The slope clearly decreases with increasing concentration of salt, and hence the preferential uptake of Na ϩ by the duplex must decrease. The same behavior is observed when log K is plotted against the log of the activity of Na ϩ rather than the log of Na ϩ concentration. The data in Fig. 3 were fit to a second-order polynomial by using a nonlinear least-squares algorithm. The resulting equation,
is graphically displayed in Fig. 3 . From this function, one can compute explicit values of by finding the slope defined by Eq.
25.
With increasing concentration of salt, the preferential uptake of Na ϩ by the duplex decreases (Fig. 4) , tending toward zero. This behavior contrasts sharply with that obtained by using Eq. 2, where is assumed to be a constant. This result is not unique to duplex ODN1. Values of determined for three other duplexes as a function of Na ϩ concentration are also plotted in Fig. 4 . In each case, the preferential uptake of Na ϩ by the duplex decreases with increasing salt concentration. It is apparent that the value of depends not only on salt concentration but also on the oligonucleotide sequence.
Discussion
The selection of a common temperature in a cassette of melting curves to compute ⌬GЊ values obviates inclusion of temperature dependencies in these calculations. Because derivatives of a function have greater uncertainties than do the original data in the function, a procedure for comparison at a common temperature within a cassette of melting curves provides an attractive alternative for evaluating ⌬GЊs.
In the studies reported here, the concentration of DNA was held constant (C t ϭ 2 M). If we relax this constraint, the scope of the method can be very much expanded. Measurement of as a function of C t , at fixed salt concentration and temperature, will not only yield a more precise determination of K but will also allow different oligonucleotide sequences with varying T m to be compared at exactly the same temperature. It should be noted, with the data available, the four sequences in Fig. 4 had to be compared at slightly different temperatures. If C t is varied from 0.5͞K to 100͞K , values of range from 0.83 to 0.13. In practice, if UV absorbance is used to follow melting of the duplex, C t can be varied at least 50-fold. With other methods such as NMR spectroscopy or calorimetry, even higher DNA concentrations can be explored. Such studies will be particularly useful to probe duplex melting behavior at very low salt concentrations.
The use of Eq. 4 to analyze the effects of salt on T m has generally led to the conclusion that the number of additional Na ϩ ions bound on forming the duplex, , is independent of Na The approach formulated here to describe the linkage between Na ϩ binding to DNA and the duplex-simplex equilibrium has been used extensively in the analysis of coupled receptor systems such as Hb (12) . It is independent of any model for the binding of Na ϩ by DNA. At constant temperature, is related directly to K by Eq. 25. No assumptions regarding ⌬HЊ for formation of the duplex are needed.
The results in Fig. 4 show that does indeed decrease with increasing Na ϩ concentration. This conclusion appears to be quite general, independent of oligonucleotide sequence. † Because it is likely that the DNA duplex is already saturated with Na ϩ ions at concentrations below the lowest concentration included in this study (69 mM), it would seem necessary to postulate that the binding of Na ϩ to the single-stranded species, S 1 and S 2 , increases with increasing Na ϩ concentration. It will be very interesting to examine the behavior of at Na ϩ concentrations below 69 mM. At some point, Eq. 26 must break down, otherwise would increase without limit. In principle, if we assume no binding of Na ϩ ions to the single strands and that the duplex is fully saturated, the greatest value of for a 10-mer duplex would be Ϸ18. On the basis of counterion concentration theory, if we assume the single strands adopt a fully extended conformation at very low salt, the largest value one would predict for is 6. As alluded to above, studies of duplex-simplex melting at higher DNA concentrations should make it possible to explore these conditions.
The thermodynamic analysis of the dependence of melting curves on Na ϩ concentration provides a format that can be applied also to a wide range of other solutes that perturb duplex-simplex equilibria. Of particular interest would be tetramethylammonium ion and betaine.
The former and some related tetraalkylammonium ions raise the T m values of nucleic acid melting curves (13) (14) (15) (16) (17) (18) . The reason for this behavior is not obvious. The charge on the naked
is dispersed over a larger volume than is that on a naked Na ϩ . However, spectroscopic studies show that at least four water molecules constitute the first solvent shell (19, 20) around cations associated with DNA, so the charge on the alkali ion is also widely dispersed. There is some evidence that tetramethylammonium ions are bound more strongly to DNAs than are sodium ions (13) . In regard to melting of helical oligonucleotides, the more germane question is whether [CH 3 105 (compared to 80 for pure solvent). This striking increase in the dielectric constant must be an expression of the strong effect of betaine on the structure of liquid water. Another surprising capability of an ionic dipole is its influence on ligand binding by proteins (24) , where several-fold increases in affinity are observed. At the cellular level, betaine is a well known osmoprotective agent protecting bacteria, algae, plants, and marine invertebrates from a variety of environmental stresses, particularly high salinity (22, 25, 26) . Clearly betaine interacts strongly with water molecules that form the environment of dissolved biomacromolecules. Another important feature of (CH 3 ) 3 N ϩ CH 2 COO Ϫ becomes evident if one places its cationic end in the condensation sleeve around the anionic core of the oligonucleotide. In contrast to (CH 3 ) 4 N ϩ , whose charge balances that of the oligonucleotide, betaine with its anionic OCOO Ϫ group in effect moves the negative charge of the polymer outward from the core. Thus, the salt condensation layer is displaced outward from the axis of the DNA.
It would be desirable to have studies of melting curves of small oligonucleotides of defined structure in the presence of tetraalkylammonium compounds and of betaine. With the algebraic treatment described in this paper, one could establish, for each of these charged molecules, whether they are bound preferentially to the duplex or single-stranded oligonucleotides. This information would provide some guidance for interpretation of the molecular basis for the differences in their effects.
